The gene encoding N,N'-diacetylchitobiase (chitobiase) of the chitinolytic marine bacterium Vibrio harveyi has been isolated. While expression of the chitobiase gene (chb) was inducible by N,N'-diacetylchitobiose in V. harveyi, it was expressed constitutively when cloned in Escherichia coli, suggesting that controlling elements are not closely linked to chb. Chitobiase was found in the membrane fraction of E. coli cells containing plasmids with the cloned V. harveyi chb gene. When membranes of such cells were separated on Osborn gradients, chitobiase activity was found mainly in the outer membrane band. Translocation of the enzyme to the outer membrane was accompanied by cleavage of a signal peptide. A fusion protein, in which 22 amino acids from the amino terminus of prechitobiase were replaced with 21 amino acids from the pUC19 lacZ amino terminus, was not processed, and 99% of the activity was located in the cytoplasmic fraction. A homology to six amino acids surrounding the lipoprotein processing and modification site was found near the amino terminus of prechitobiase.
The gene encoding N,N'-diacetylchitobiase (chitobiase) of the chitinolytic marine bacterium Vibrio harveyi has been isolated. While expression of the chitobiase gene (chb) was inducible by N,N'-diacetylchitobiose in V. harveyi, it was expressed constitutively when cloned in Escherichia coli, suggesting that controlling elements are not closely linked to chb. Chitobiase was found in the membrane fraction of E. coli cells containing plasmids with the cloned V. harveyi chb gene. When membranes of such cells were separated on Osborn gradients, chitobiase activity was found mainly in the outer membrane band. Translocation of the enzyme to the outer membrane was accompanied by cleavage of a signal peptide. A fusion protein, in which 22 amino acids from the amino terminus of prechitobiase were replaced with 21 amino acids from the pUC19 lacZ amino terminus, was not processed, and 99% of the activity was located in the cytoplasmic fraction. A homology to six amino acids surrounding the lipoprotein processing and modification site was found near the amino terminus of prechitobiase.
Chitin is an insoluble polysaccharide consisting of ,-(1,4)-linked N-acetylglucosamine (GlcNac) units. Large reservoirs of this polysaccharide in the marine and terrestrial environments are derived from the cell walls of fungi and the cuticles of crustaceans and insects (9, 23) . Many bacteria in these environments are able to hydrolyze chitin to GlcNac (16, 18, 19) by using two enzymes, chitinase and N,N'-diacetylchitobiase (chitobiase). Chitin is first hydrolyzed by chitinase to low-molecular-weight multimers of GlcNac, the dimer N,N'-diacetylchitobiose (chitobiose) being predominant. Chitobiase then hydrolyzes chitobiose to GlcNac.
To begin an analysis of these enzymes, we have cloned the genes encoding chitinase and chitobiase from the gramnegative marine bacterium Vibrio harveyi. Chitinase genes have also been cloned from Serratia marcescens (5, 10) , in which two chitinase genes encoding two different chitinases have been identified (10) . The chitobiase gene has been isolated from S. marcescens (8) and Vibrio vulnificus (25) . Here, we show that chitobiase is located in the outer membrane of Escherichia coli cells containing the cloned chitobiase gene (chb). Based on minicell analysis of plasmidencoded proteins, the approximate sizes of the unprocessed and processed proteins are 95.3 kilodaltons (kDa) and 92.1 kDa, respectively. When the first 21 amino acids of lacZ from pUC19 were substituted for the first 22 amino acids of prechitobiase, a hybrid protein resulted that had chitobiase activity, remained unprocessed, and was found only in the cytoplasm, as would be expected if the amino terminus of prechitobiase were involved in processing and translocation to the outer membrane.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. E. coli K-12 strain LE392 (F-) hsdR lacY galK2 galT22 metBI trpR55 supE44 supF58, E. coli K-12 strain JM109 (F' traD36 proAB+ lacIqZAMJ5) recAl endAl gyrA96 thi hsdR17 supE44 relAl * Corresponding author.
A(lac-proAB), the E. coli K-12 minicell strain p678-54 thr ara leu azijhuA lac Y tsx minA minE gal malA thi xyl rpsL, and V. harveyi B392 (21) were used in these studies. Plasmids pMK2004 (11) and pUC19 (26) were used as vectors. Cells were grown in minimal alkaline phosphatase medium [0.1% (NH4)2SO4, 0.05% sodium citrate, 100 mM Tris chloride (Sigma Chemical Co.), pH 7.4, 0.02% MgSO4, 0.5% Casamino Acids (Difco Laboratories), 0.3% glycerol, 50 ,M K2HPO4, 0.005% thiamine, and 40 ,ug of amino acids per ml as required], L broth (16), or LM broth (L broth with 2.0% NaCl). For plasmid selection, 50 pug of kanamycin (Sigma) per ml or 100 ,ug of ampicillin (Sigma) per ml was added to the medium. Transformation was performed as described previously (4) .
Isolation of plasmid DNA. The alkaline lysis method (1) was used for routine examination of plasmid DNA, and the cleared lysate method (3) was used when larger amounts of more highly purified plasmid DNA were needed and included two successive isopycnic ethidium bromide-cesium chloride gradient centrifugations.
Enzymes, assays, and gel electrophoresis. Restriction endonucleases were obtained from Bethesda Research Laboratories (BRL), New England Biolabs, or Boehringer Mannheim, and T4 DNA ligase was from BRL. In all cases, the reaction conditions recommended by the manufacturers were used. The molecular weights of plasmids and restriction fragments were determined by electrophoresis on 0.7% to 2.0% horizontal agarose (BRL) slab gels in Tris acetate-EDTA buffer (6).
Chitobiase activity was determined with either p-nitrophenyl-N-acetyl-1-D-glucopyranoside (PNAG) or chitobiose In the other procedure (22; Soto-Gil et al., in press) used to assay chitobiase, N,N'-diacetylchitobiose (chitobiose) was the substrate (method 2). Samples to be assayed were added to 10 mM Tris chloride, pH 7.3, in a total volume of 1 ml. After preincubation at 37°C for 5 min, 0.5 ml of 2 mM chitobiose in the same buffer was added to initiate the reaction, and incubation at 37°C was continued for 3 to 15 min. The sample was then boiled for 10 min to stop the reaction, and the amount of GlcNac released was measured by using the p-dimethylaminobenzaldehyde reagent (Aldrich) as described previously (Soto-Gil et al., in press). One unit of activity in this assay is defined as the amount of enzyme that catalyzed the formation of 1 ,umol of GlcNac in 1 min at 37°C.
Alkaline phosphatase was assayed as described (7) . One unit of alkaline phosphatase is equivalent to the amount of enzyme that released 1 ,umol of p-nitrophenol per min at 37°C with the artificial substrate p-nitrophenyl phosphate (Sigma). The assay for ,B-galactosidase was performed as described by Miller (15) . One unit of ,-galactosidase activity is defined as the amount of enzyme that released 1 (20 mg/ml in ethanol). The cells were washed twice with M9 salts (15) (containing 1.5% NaCl for V. harveyi), and chitobiase activity was assayed after removal from the outer membrane with 1/10 volume of 1% N-lauroylsarcosine (Sarkosyl; Sigma) followed by incubation at 37°C for 1 h as described previously (Soto-Gil et al.,
in press). The cells were removed by centrifugation, and the remaining supernatant was assayed for chitobiase activity by method 1 with PNAG as a substrate.
Minicell analysis of plasmid-encoded proteins. Plasmids were introduced into strain P678-54 by transformation, and minicells were isolated following the previously described procedure (14) with the following modifications. The sucrose gradients were formed by freeze-thawing a 20% sucrose solution in buffered saline gelatin (85% NaCl, 0.03% KH2PO4, 0.06% NaHPO4, and 100 ,g of gelatin per ml), and the minicells were purified through three successive sucrose gradients. The concentration of minicells was adjusted to an OD450 of 0.5 to 0.7 with a solution containing minimal M9 salts, 0.5% glycerol, and 2 p.g of amino acids (minus methionine) per ml. The minicells were incubated at 37°C with shaking for 1 h in the presence of D-cycloserine (50 ,uglml) to inhibit growth of whole cells, and then 15 ,uCi (1,000 Ci/mmol) of [35S]methionine (Amersham) was added to 1 ml of minicells, and incubation was continued at 37°C for another 1 h. After the addition of 500 ,1 of L broth, the minicells were pelleted, suspended in 20 ,ul of SDS-lysing buffer (10 mM Tris chloride, pH 6.8, 2% sodium dodecyl sulfate [SDS], 10 mM MgCl2), and heated for 2 min at 95 to 100°C. The preparations were stored at -70°C or used directly. Proteins were separated on 9% polyacrylamide gels as described (13) . After electrophoresis, the gels were soaked in a solution of Amplify (Amersham) for 30 min, dried, and exposed to preflashed Kodak XAR-5 film for 40 h.
Separation of E. coli cells into extracellular, periplasmic, cytoplasmic, and membrane fractions. The method of cell fractionation was based on the procedure of Koshland and Botstein (12) . Cells containing either pRSG192 or pRSG196 were grown to an OD450 of 0.5 in 15 ml of minimal alkaline phosphatase medium containing ampicillin (200 ,ug/ml) and 1 mM isopropylthiogalactoside (IPTG). Cells were concentrated by centrifugation, and all further manipulations were performed at 4°C. The culture supernatant (extracellular fraction; Table 2 ) was saved, and the pellet was suspended in 1.13 ml of 0.1 M Tris chloride (pH 8.0)-0.5 mM EDTA-0.5 M sucrose. Lysozyme was added (120 ,u1 of a 2-mg/ml solution), followed by the addition of 1.13 ml of cold distilled H20. The sample was incubated for 25 min on ice, and the process of removing the cell wall was monitored by phasecontrast microscopy. As soon as the majority of cells had become spheroplasts, 45 Il of 1 M MgCl2 was added to stabilize the spheroplasts. After centrifugation, the supernatant was saved as the periplasmic fraction ( Table 2 ). The residual fluid was removed, and the remaining pellet was rapidly suspended in 1.5 ml of cold H20. Following lysis of the spheroplasts in the hypotonic solution, the mixture was centrifuged for 10 min at 1,000 x g to remove intact cells. An 0.5-ml portion of the supernatant was saved as the cytoplasmic plus membrane fraction (Table 2) , and 1.0 ml was diluted with 4.0 ml of H20 and centrifuged at 100,000 x g for 2 h. The pellet was saved as the membrane fraction, and the supernatant was saved as the cytoplasmic fraction ( Table 2) .
Separation of the membrane into inner and outer fractions. Cytoplasmic and outer membrane fractions were separated by isopycnic sucrose gradient centrifugation (20) after labeling phospholipids with [31I]glycerol. Cells were grown in L broth (200 ml) at 37°C to an OD6N of 0.6 to 0.8 in the presence of ampicillin (200 ,ug/ml) and 2 puM [2-3H]glycerol (1 mCi/p.mol), followed by centrifugation at 13,000 x g for 5 min at 4°C. The cell pellet was suspended in 12 ml of cold 0.75 M sucrose-10 mM Tris chloride buffer, pH 7.8. Lysozyme was added to a final concentration of 100 p.g/ml, and after incubation on ice for 2 min, the mixture was slowly (24) . The three clones were detected by the appearance of the yellow p-nitrophenylate product after individual colonies of the 2,450-member clone bank were sprayed with 10 mM PNAG dissolved in 100 mM sodium phosphate, pH 7 .0. The restriction maps of the two plasmids encoding chitobiase activity, pRSG14 and pRSG16, from this clone bank are shown in Fig.  1 . The insert sizes for each were 5.3 and 13.5 kilobases (kb), respectively. To examine the possibility that chb regulatory elements might also be included in the cloned DNA, induction studies with chitobiose were carried out with E. coli cells containing the cloned chb gene and with V. harveyi cells. Chitobiase activity, induced by chitobiose in V. harveyi, was detected within 20 min after the addition of chitobiose to exponentially growing V. harveyi cells and reached a maximum level between 30 and 50 min after induction (Fig. 2 ). The activity of chitobiase then diminished to approximately 62.5% of the maximal level within 90 min after induction. With the E. coli clones, however, there was no significant change in the activity of chitobiase after the addition of chitobiose to the growth medium, and the levels of activity in the absence of chitobiose were similar (pRSG16) or higher (pRSG14) than those found for V. harveyi induced with chitobiose ( Table 1 ). The higher level of chitobiase activity seen with pRSG14 compared with pRSG16 was probably due to additional transcription from the tet promoter in pRSG14.
Subcloning and deletion analysis of the insert in pRSG14 (Fig. 3) was performed with the cloning vector pUC19, which contained the E. coli lac promoter-operator region and the a fragment of the lacZ gene (26 Chitobiase activity associated with plasmids containing restriction fragments from the V. harveyi chb region. S, SstI; other abbreviations are the same as in Fig. 1 . Arrows indicate the direction of transcription and, if under the insert, the size of the chitobiase (chb) gene. The chb gene was subcloned in a 3.5-kb EcoRI fragment from pRSG14 into the EcoRI site of pUC19 in both orientations (pRSG191 and pRSG192). Plasmid pRSG196 is the result of deleting a 0.5-kb SstI fragment from pRSG192, and pRSG186 (pUC18 derivative) is a similar SstI deletion of pRSG182. pRSG182 (not shown) contains the 3.5-kb EcoRI fragment inserted into the EcoRI site of pUC18 (26) in the same orientation with regard to the lac promoter as pRSG191. The polylinker in pUC18 is in the opposite orientation from that in pUC19. Plasmids pRSG192 and pRSG184 were constructed by deleting HindIII fragments from pRSG191 and pRSG182, respectively. Plasmids pRSG193 and pRSG183 were constructed by deleting a PstI fragment from pRSG192 and pRSG181, respectively. E. coli JM109 cells harboring the plasmids described above were grown to an OD450 of 0.4. IPTG (0.1 mM) was added to half of the culture (+ IPTG), and incubation was continued for an additional 1.5 h. Chloramphenicol (200 ,ug/ml) was added, and the OD450 was measured. The cells were centrifuged and washed once with M9 salts. Cells containing plasmids pRSG191 and pRSG192 were treated with Sarkosyl as described in Materials and Methods. Cells harboring other plasmids were not treated with Sarkosyl; instead, they were concentrated 10-fold in 10 shown by the arrow in Fig. 3 . The length of the arrow corresponds to the size of the chb gene as determined from minicell analysis of plasmid-encoded proteins (see below) and open reading frame analysis of the nucleotide sequence (to be published elsewhere). Plasmid pRSG196 (Fig. 3) has a deletion of a small 0.5-kb SstI fragment next to the lac promoter region in pRSG192 (Fig. 1) . Chitobiase activity associated with this plasmid was only detected after sonication because the enzyme was not transported to the outer membrane, as shown below. Here again, induction with IPTG occurred in only one orientation, and the lack of activity in the other orientation (pRSG186), whether or not IPTG was added, indicated that a sequence with promoter activity had been deleted. The increased levels of activity observed in the absence of IPTG with pRSG192 compared with pRSG191 and with pRSG196 compared with pRSG186 indicate that the lac promoter was not completely repressed by the concentration of lac repressor present in strain JM109. The lack of activity associated with the smaller fragments cloned in plasmids pRSG181, pRSG184, pRSG193, and pRSG194 delimits the chb gene with its presumptive promoter to the 3.5-kb EcoRI fragment.
By knowing the amino acid sequence of prechitobiase, which was deduced from the nucleotide sequence of the chb gene (to be published elsewhere), and knowing the sequence of pUC19 (26) , it was apparent that pRSG196 contained a translational fusion by which 22 amino acids from the amino terminus of prechitobiase were replaced with 21 amino acids from the LacZ(a) amino terminus of pUC19 (Fig. 1B) . There is significant homology centered at amino acids 15 to 19 in the amino terminus of prechitobiase (Fig. 1B) to six amino acids (Leu-Ala-Gly-Cys-Ser-Ser) at the processing and modification site of the major outer membrane lipoprotein (2, 17) .
Minicell analysis of proteins encoded by plasmids containing the chb gene. Figure 4 shows the electrophoretic pattern of 35S-labeled proteins synthesized in minicells of E. coli p678-54 carrying the hybrid plasmids pRSG14, pRSG192, and pRSG196. The two plasmids, pRSG14 and pRSG192, which carry the complete chb gene gave rise to a polypeptide that was 92.1 kDa in size (Fig. 4, lanes B and C) in addition to the polypeptides encoded by the vectors (lanes A and E) . A larger polypeptide of 95.3 kDa also appeared with pRSG192 (lane C), and since the insert DNA in this plasmid contains only enough coding space for one protein of this size, the larger band must correspond to the unprocessed form of the enzyme. With pRSG196, which codes for the fusion protein (Fig. 1) , only a larger unprocessed form of the protein was found (Fig. 4, lane D) .
Cellular location of chitobiase in E. coli cells containing the chb gene. E. coli cells containing either pRSG 192 or pRSG196 (Fig. 1) were grown in low-phosphate medium containing IPTG. The combination of low phosphate and IPTG led to increased synthesis in these cells of alkaline phosphatase, 3-galactosidase, and chitobiase. The cells were fractionated into extracellular, periplasmic, and cytoplasmic plus membrane fractions as described in Materials and Methods, and the fractions were assayed for chitobiase;
3-galactosidase, a cytoplasmic enzyme; and alkaline phosphatase, a periplasmic enzyme ( Table 2) . Most of the chitobiase activity exhibited by either pRSG192 or pRSG196 was found in the cytoplasmic plus membrane fraction. When this fraction was separated into cytoplasmic and membrane fractions by high-speed centrifugation, however, very different results for the two plasmids were found (Table 2) . Two-thirds of the chitobiase activity associated with pRSG192 was recovered in the membrane fraction, while 99% of the activity associated with pRSG196 was found in the cytoplasmic fraction. The fusion protein, although active, was apparently not transported to the membrane, implicating the involvement of the amino terminus region of chitobiase in this translocation event.
Chitobiase in the outer membrane of E. coli cells. The membranes of E. coli cells were separated by sucrose gradient centrifugation by the method of Osborn et al. (20) to determine whether the membrane-associated chitobiase was in the inner or outer membrane (Fig. 5) . Four membrane bands were obtained, similar to previously described results (20) . Bands Li and L2 were previously characterized as cytoplasmic membrane, H as outer membrane, and the minor band, M, as unseparated envelope fragments (20) . Only one peak of chitobiase activity was resolved by this method, which corresponded to the outer membrane band (H) near the bottom of the gradient. Chitobiase was loosely associated with intact E. coli cells containing the chb gene; up to 50% of the activity could be solubilized with sonication (data not shown) or detergent (Soto-Gil et al., in press), possibly accounting for the chitobiase activity observed at the top of the gradient (Fig. 5 ) and in the cytoplasmic fraction (Table 2) .
In V. harveyi, chitobiase activity also appeared to be associated with the membrane. V. harveyi cells grown at 30°C and induced for 1 h with 0.2 mM chitobiose were lysed and treated as described in Materials and Methods for separation of membranes into inner and outer fractions. The chitobiase activity recovered in the membrane fraction was 68.5%, that in the culture supernatant was 7.9%, and that in the soluble cell fraction was 23 (27) , so promoter recognition may not have diverged significantly between the two organisms.
Fractionation studies of E. coli cells containing the chb gene in pRSG192 (Fig. 1) , in which cells were separated into membrane, cytoplasmic, and periplasmic fractions, located the chitobiase activity to the membrane fraction. Similar results were obtained with V. harveyi cells induced with chitobiose. When the E. coli membranes were further separated with an Osborn gradient (20) into inner and outer membrane fractions, the major portion of the chitobiase activity was recovered in the outer membrane fraction. In similar studies performed with E. coli cells containing pRSG196, which is missing the 0.5-kb SstI fragment of pRSG192 (Fig. 1) , 98% of the chitobiase activity was located in the cytoplasm. From the nucleotide sequences of the chb gene and the cloning vector, pUC19, it was possible to determine that the SstI deletion used to produce pRSG196 created an in-frame fusion of the amino terminus of the lacZ(a) gene from pUC19, replacing the first 22 There is no evidence yet indicating that the genes encoding chitinase and chitobiase activities are linked in V. harveyi. We have isolated two different chitinase genes from V. harveyi genomic banks, and these clones do not exhibit chitobiase activity (to be published elsewhere). Also, cells containing the chb plasmids pRSG14 and pRSG16 (Fig. 1) did not exhibit chitinase activity; the activity previously attributed to these plasmids was due to the lysozyme used to prepare cell extracts (24) . The chitinase and chitobiase genes therefore appear to be transcribed from separate promoters, and since the product of one enzyme is the substrate of the other, expression from these promoters may not be coordinately controlled. 
